Yoshimura. Exercise performance of Tibetan and Han adolescents at altitudes of 3,417 and 4,300 m. J. Appl. Physiol. 83(2): 661-667, 1997.-The difference was studied between O 2 transport in lifelong Tibetan adolescents and in newcomer Han adolescents acclimatized to high altitude. We measured minute ventilation, maximal O 2 uptake, maximal cardiac output, and arterial O 2 saturation during maximal exercise, using the incremental exercise technique, at altitudes of 3,417 and 4,300 m. The groups were well matched for age, height, and nutritional status. The Tibetans had been living at the altitudes for a longer period than the Hans (14.5 6 0.2 vs. 7.8 6 0.8 yr at 3,417 m, P , 0.01; and 14.7 6 0.3 vs. 5.3 6 0.7 yr at 4,300 m, P , 0.01, respectively). At rest, Tibetans had significantly greater vital capacity and maximal voluntary ventilation than the Hans at both altitudes. At maximal exercise, Tibetans compared with Hans had higher maximal O 2 uptake (42.2 6 1.7 vs. 36.7 6 1.2 ml · min 21 ·kg 21 at 3,417 m, P , 0.01; and 36.8 6 1.9 vs. 30.0 6 1.4 ml · min 21 ·kg 21 at 4,300 m, P , 0.01, respectively) and greater maximal cardiac output (12.8 6 0.3 vs. 11.4 6 0.2 l/min at 3,417 m, P , 0.01; 11.5 6 0.5 vs. 10.0 6 0.5 l/min at 4,300 m, P , 0.05, respectively). Although the differences in arterial O 2 saturation between Tibetans and Hans were not significant at rest and during mild exercise, the differences became greater with increases in exercise workload at both altitudes. We concluded that exposure to high altitude from birth to adolescence resulted in an efficient O 2 transport and a greater aerobic exercise performance that may reflect a successful adaptation to life at high altitude. cardiac output; maximal oxygen consumption; ventilation; developmental adaptation; genetic adaptation MAXIMAL O 2 UPTAKE (V O 2 max ), an integrated index of the overall functional capacity of the O 2 transport system, invariably decreases with altitude during both acute and chronic exposure to high altitude in lowland adults (31, 34) . This is due to the reduction of ambient O 2 pressure at high altitude. Although comparative studies of V O 2 max between high altitude natives and lowland residents at high-altitude have been done, the conclusions are controversial (10-13, 30). High-altitude adult natives in either Andean or Himalayan populations have higher exercise performance and maintain better arterial O 2 saturation (Sa O 2 ) during exercise compared with newcomers (17, 20, 30, 38) . These characteristics, which are associated with more efficient pulmonary gas exchange (38) and better adaptation to high-altitude stress, are acquired through many generations of lifelong high-altitude exposure. The Tibetans are believed to have lived at high altitude longer than other highaltitude residents. The effects of high-altitude hypoxia on the physiological responses of Tibetan and Han adolescents to exercise have never been reported. Whether the pulmonary adaptations in humans are determined purely by environment or relate to genetic characteristics has long been under investigation (3, 10, 11, 14, 16, 22, 23) . However, the age at which these adaptations to hypoxic environment occur in humans is unclear.
MAXIMAL O 2 UPTAKE (V O 2 max ), an integrated index of the overall functional capacity of the O 2 transport system, invariably decreases with altitude during both acute and chronic exposure to high altitude in lowland adults (31, 34) . This is due to the reduction of ambient O 2 pressure at high altitude. Although comparative studies of V O 2 max between high altitude natives and lowland residents at high-altitude have been done, the conclusions are controversial (10) (11) (12) (13) 30) . High-altitude adult natives in either Andean or Himalayan populations have higher exercise performance and maintain better arterial O 2 saturation (Sa O 2 ) during exercise compared with newcomers (17, 20, 30, 38) . These characteristics, which are associated with more efficient pulmonary gas exchange (38) and better adaptation to high-altitude stress, are acquired through many generations of lifelong high-altitude exposure. The Tibetans are believed to have lived at high altitude longer than other highaltitude residents. The effects of high-altitude hypoxia on the physiological responses of Tibetan and Han adolescents to exercise have never been reported. Whether the pulmonary adaptations in humans are determined purely by environment or relate to genetic characteristics has long been under investigation (3, 10, 11, 14, 16, 22, 23) . However, the age at which these adaptations to hypoxic environment occur in humans is unclear.
Therefore, the objectives of this study were to investigate the effects of age of onset and the effects of duration of high-altitude exposure during the developmental period on exercise performance and V O 2 max of Tibetan and Han adolescent males at altitudes of both 3,417 and 4,300 m. This study may provide information for better understanding of the mechanism(s) responsible for the process of adaptation to high altitude.
METHODS

Subjects
This study was conducted in the Tian Jun area (altitude of 3,417 m, barometric pressure 5 508 Torr) and Ma Duo area (altitude of 4,300 m, barometric pressure 5 444 Torr) of the Qinghai Province, China. The methods and materials used were exactly the same at both altitudes. The subjects were all male (26 Tibetans and 28 Hans at 3,417 m, and 21 Tibetans and 14 Hans at 4,300 m) between 13 and 16 yr of age. The exact ages of subjects were checked with their official birth certificates. The native Tibetan subjects were born and grew up at altitudes of 3,417 or 4,300 m. The Han subjects were born at or near sea level in lowland China and immigrated to the 3,417-m area at the ages of 2-13 yr and to the 4,300-m area at the ages of 5-14 yr. The duration of exposure to altitudes of 3,417 and 4,300 m before this study were 7.8 6 0.8 yr (range, 2.5-15 yr) and 5.3 6 0.7 yr (range, 1.0-10 yr), respectively (Table 1) . Sixteen had migrated as children (#9 yr of age), and 12 had migrated as adolescents (10-15 yr of age) to 3,417 m. Six had migrated as children and eight had migrated as adolescents to 4,300 m. The subjects and their parents were given a detailed explanation of the purpose of this study. All subjects gave informed consent, and the study protocol was approved by Qinghai High Altitude Medical Science Institutional Committee on Human Research. All subjects underwent a thorough physical examination of resting electrocardiograph (ECG), pulmonary function test, chest roentgenography, and hematocrit. Hematocrit was determined in duplicate by the microhematocrit technique. Subjects with any abnormal condition were excluded from this study.
Experimental Procedure
Pulmonary function test. A pulmonary function test was performed 1 h before the exercise test, as described below. Spirometry was performed in triplicate by using an electronic spirometer with a microcomputer (CHA-1600, FNA-600, Fukuda, Tokyo, Japan), and the highest values were used for analysis. The spirometer was calibrated daily with a 1-liter syringe. The pulmonary function variables measured were vital capacity (VC), forced expiratory volume (FEV), percentage of forced VC expired in 1 s (FEV 1 ), and maximum voluntary ventilation (MVV).
Progressive exercise test. After resting 30 min while seated, subjects performed the exercise test on an electronically braked cycle ergometer (Ergo-Oxyscreen, Jaeger, Wü rzburg, Germany), as previously described (12) to estimate V O 2 max , which is equivalent to V O 2 max at a steady-state condition, at a maximal exercise condition. The gas analyzers were calibrated before each measurement of expired gas by using ambient air and a gas mixture of 15% O 2 -5% CO 2 -80% N 2 that had been previously measured by using the Scholander technique. Minute expired ventilation (V E), O 2 volume (V O 2 ), CO 2 production (V CO 2 ), respiratory frequency, V O 2 per kilogram body weight (V O 2 /kg), and respiratory quotient (R 5 V CO 2 /V O 2 ) were measured by analysis of the expired gas every 30 s with the use of a computerized system. The heart rate (HR) was measured from the R-R interval of the electrocardiogram connected to the EOS system. The incremental exercise test was begun after a 4-min resting period and 1 min of unloaded pedaling. The initial step of exercise was begun at a workload of 25 W, and the exercise intensity was increased by 10 W every minute until the subject was unable to continue pedaling despite strong verbal encouragement. The V O 2 max was the value obtained at maximal effort.
Cardiac output (CO) was estimated by an electrical impedance cardiography (RM-6000 photoelectric multichannel recorder, Nihon Kohden, Tokyo, Japan) at the end-expiratory condition at rest and immediately after exercise. The methods used have been described by Denniston et al. (8) . The electrodes were applied just above and below the cricoid cartilage, and the lower pair were at the level of the xiphisternum and 5 cm below it. Impedance (Z) data were obtained over 5-10 heartbeats, and the derivatives of Z (dZ/dt), where t is time, were recorded at 50 mm/s on a multichannel recorder (RM-6000). Stroke volume (SV) was calculated by the equation of Kubicek (21) . The Z plethysmograph was set at a constant calibration of 15 mm · V 21 ·s 21 , and all values were calculated by the same group of observers to eliminate variation. Sa O 2 was continuously monitored by ear oximetry (Biox 3700, Ohmeda, CO).
Statistical Analysis
Values are expressed as means 6 SE. The data from each group at both altitudes were evaluated by one-way analysis of variance. When significant F-ratios were obtained, modified least-significant differences were calculated for comparisons between means, and P , 0.05 was considered statistically significant. Regression lines were obtained by using least squares linear regression. The slopes of regression lines were compared by using the two-tailed F-test (29) .
RESULTS
The Tibetan and the Han subjects were similar in age, height, body weight, and body surface area. The Tibetan subjects have been living at high altitude for significantly longer periods than the Han subjects ( Table 1 ). The ages of migration by the Han subjects to high altitude were 6.9 6 0.8 yr (range, 0.4-13.5 yr) at 3,417 m and 9.4 6 0.7 yr (range, 5.5-14.0 yr) at 4,300 m. No difference was found in the hematocrit values between the two groups.
At rest, there were no differences in V E, V O 2 , V CO 2 , R, HR, CO, and Sa O 2 between the two groups at both altitudes. The values of VC, FEV 1 , and MVV were significantly higher in the Tibetan subjects than those in the Han subjects ( Table 1) .
The maximal exercise values at altitudes of 3,417 and 4,300 m are shown in Table 2 . Although the Tibetans tended to attain higher levels of maximal workload than the Hans at 3,417 m, there was no statistical difference between two groups. At 4,300 m, the Tibetans achieved significantly higher workload (P , 0.01) than the Hans. At maximal exercise, ventilation was higher in the Tibetans than in the Hans at 3,417 m, but it did not differ between two groups at 4,300 m ( Table 2) . No difference was found in R and maximal V E (V E max )/V O 2 max between the two groups at both altitudes. The Tibetan subjects had higher V O 2 max than the Han subjects at both altitudes (Fig. 1) . No difference was found in V CO 2 between two groups at altitude of 3,417 m; however, the Tibetan subjects had higher values of V CO 2 than the Hans at 4,300 m.
The values of SV and CO in the Tibetan subjects were greater than those in the Han subjects at both altitudes (Fig. 2) . The maximal CO (CO max ) showed a linear relationship with the V O 2 max at both altitudes (Fig. 3) . Figure 4 shows the relationship between the values of V O 2 at each workload and Sa O 2 , including rest through maximal exercise for all groups. The V O 2 increased with exercise in all groups. Although no differences in Sa O 2 between Tibetans and Hans were observed at rest and during mild exercise, the differences became greater with the increases in V O 2 at both altitudes (Fig. 4) . The levels of Sa O 2 at maximal exercise in the Han subjects were significantly lower than those in the Tibetans at both altitudes (Table 2) .
DISCUSSION
Although the subjects in the present study were well-matched in age, body size, and nutritional condition, we observed that the values of VC, FEV 1 , and MVV in the Tibetan subjects were significantly higher than those in the Han subjects. Frisancho (10) and Frisancho et al. (11) reported that the FVC of highaltitude natives, sea-level subjects, and lowland natives who acclimatized to high altitude during growth were dependent on the time of life when acclimatization takes place, because the lowland natives who acclimatized to high altitude attained the same values of FVC as the high-altitude natives. Frisancho et al. concluded that the enlarged lung volume of the highland natives is the result of changes occuring during growth and development. Thus the differences in VC, FEV 1 , and MVV in our study may be primarily due to the age at which high-altitude exposure began, because the Tibetans had been living at high altitude since birth, whereas the Hans were born at sea level and immigrated to the high altitude. The greater V O 2 max observed in the Tibetan subjects at both altitudes may be associated with better performance at several steps of the O 2 transport system. Although we found trends of higher values of V E max in the Tibetan subjects at both altitudes, the ventilatory equivalent (V E/V O 2 ) was similar in both groups (Table 2) . Therefore, the Tibetans attained a higher V E max due to an increased lung volume rather than hyperventilation (i.e., an increased alveolar ventilation per unit metabolic rate). Indeed, Grover et al. (15) demonstrated that the continuing increase in V E was observed during maximal exercise at 3,100 m, while V O 2 max remained at its maximal level, suggesting that pulmonary ventilation does not appear to limit V O 2 at high altitude.
We (25) reported that permanent residents (Andean Indians) in La Paz, Bolivia, at high altitude (3,700 m) revealed increased values of pulmonary carbon monoxide diffusing capacity (DL CO ) compared with acclimatized lowlanders. DeGraff et al. (7) and Cerny et al. (5) demonstrated that Caucasian residents of Leadville, CO (3,100 m), who were either lifelong residents or migrants to Leadville as adolescents or adults, showed higher DL CO than lowland subjects. Experimental animal studies by Burri and Weibel (4) and Bartlett and Remmers (2) demonstrated that young rats exposed to high altitude developed a larger pulmonary diffusing capacity or surface area than lowland controls, suggesting that rats raised at high altitude developed a larger pulmonary gas-exchange apparatus. Johnson et al. (19) also reported that lung volume at a given transpulmonary pressure and DL CO were significantly greater in beagles raised at high altitude than in lowland controls. Because the pulmonary diffusing capacity is related in part to the alveolar surface area, the enhanced V O 2 max of the Tibetan subjects in the present study, who have higher VC, is probably due to their having a greater alveolar surface area and an increased capillary volume. Indeed, we demonstrated that the values of CO max showed linear relationships with the V O 2 max at both altitudes (Fig. 3) .
We have previously reported (12) that adult Tibetan natives at 4,700 m have higher exercise performance but lower V O 2 max than do acclimatized adult Hans. This performance level is associated with higher anaerobic threshold values and lower blood lactate concentrations in the Tibetans. Previous observations by Zhuang et al. (37) demonstrated that increasing duration of high-altitude residence correlated with decreasing hypoxic ventilatory response. Lahiri et al. (22) reported that most children up to the age of 12 yr showed an increased hypoxic ventilatory response that was blunted with increasing age to a decreased response, and the blunting was completed by 22 yr of age independent of an individual's parentage and genetic background. Thus the disparity between the present results and the previous data (12) may be due to differences between adolescents and adults in physiological responses to high altitude.
The CO in this study was estimated by noninvasive technique, because an invasive method such as cardiac 
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catheterization is difficult to use at high altitude, especially in children. Although the CO values obtained by the impedance method showed good correlation with those obtained by the Fick principle method (8) , it should be understood that this method has some limitations, particularly with regard to measurements during exercise. However, because all data were collected by using the same method and because each test exhibited similar good reproducibility between runs, it is possible to discuss the differences between groups. However, we should be very careful about the validity of the absolute values.
The difference in the cardiac function between highaltitude natives and acclimatized lowlanders may be due to the difference in the myocardial contractility and/or pulmonary pressor response to both hypoxia and exercise. Reduction of CO is chiefly due to decrease in SV during exercise at high altitude by newcomers. This decrease in SV could be due to a depression of myocardial function due to lowered coronary arterial O 2 tension, reduced coronary blood flow (1), reduced plasma volume (36) , and hypoxic pulmonary hypertension (16) . However, Reeves et al. (24) demonstrated that the cardiac function was well preserved for a given V O 2 in the normal volunteers at simulated high altitude, and O 2 breathing did not increase cardiac function, suggesting that high-altitude hypoxia causes little impairment of cardiac function, and that cardiac function may not limit V O 2 max at high altitude. Our data demonstrated that the Tibetan subjects have higher values of SV coupled with higher Sa O 2 at maximal exercise than did the Hans. This result may be derived from either lower pulmonary arterial pressure (Ppa) (16) or higher myocardial contractility caused by relatively higher O 2 transport in the myocardium (30) or both.
Consistent with the observations made by others (28, 38) , we noted that the Tibetans maintained significantly higher Sa O 2 values during maximal exercise at high altitude than did the Hans, suggesting that the Tibetans have higher diffusing capacity compared with the Hans. Schoene et al. (28) reported that highaltitude natives attained high levels of exercise with a ventilatory response to exercise that was comparable to or lower than that achieved by lowlanders who exercised at workloads comparable to highlanders with acute hypoxia. The lowlanders demonstrated a marked decrease in Sa O 2 during exercise. The maintenance of Sa O 2 during exercise that was observed in highlanders appeared to be attributed in large part to an increase in diffusing capacity. Johnson (18) also reported that the pulmonary diffusing capacity is important as a factor limiting the rate of O 2 delivery to tissues in normal persons during heavy exercise at high altitude. This evidence suggests that the diffusing capacity could be a decisive factor for O 2 transport during maximal exercise at high altitude. Thus our data indicate that, during the adolescent period, the Tibetan subjects have a greater capacity than do the Han subjects in their O 2 transport systems.
Our findings also indicate that the Tibetan subjects may have acclimatized more successfully to the highaltitude environment compared with the Han subjects. Two hypotheses have been proposed to explain the better adaptation to hypoxia. 1) High-altitude natives have adapted genetically to hypoxia through the many generations of high-altitude exposure (16, 23) . 2) Adaptation to hypoxia is acquired through the process of growth and development (10, 11, 22) . Groves et al. (16) reported that the resting mean Ppa and pulmonary vascular resistance (PVR) in five healthy young Tibetan adults at 3,658 m were within sea-level normal values, and the subjects revealed blunted hypoxic pulmonary vasoconstriction (HPV) and no reduction in Ppa and PVR in response to 100% O 2 inhalation. Durmowicz et al. (9) demonstrated that, compared with cattle living at high altitude, yaks (Bos grunniens) native to high altitudes showed smaller HPV response with less right ventricular hypertrophy; thinner-walled pulmonary arteries with less smooth muscle; and longer, wider, and rounder pulmonary artery endothelial cells. Sakai et al. (26) studied the differences in pulmonary hemodynamic characteristics between pikas (genus Ochotona), as high-altitude-adapted animals, and Wistar rats. They clearly demonstrated that significantly lower values of Ppa, PVR, and the ratio of right to left ventricular weight were observed in pikas than in rats at various altitudes of 4,460, 3,300, 2,300, and 610 m. Will et al. (35) and Weir et al. (33) demonstrated that offspring of cattle that were found to be either susceptible or resistant to the development of ''brisket disease'' retained their respective susceptible or resistant trait for at least two generations. These reports suggest that the differences in pulmonary vascular responses to high altitude between highland natives and lowlanders could be attributable to genetic adaptation.
Other evidence suggests that the adaptive responses in respiratory physiology and the attainment of the aerobic capacity at high altitude in highland native people are determined by environmental rather than genetic factors. Lahiri et al. (22) demonstrated that the ventilatory response to hypoxia and VC are similar in neonates and infants at sea level and at high altitude, and VC tends to increase in the postnatal period and continues to increase throughout the adolescent period. Frisancho (10) and Frisancho et al. (11) also reported that lowland natives who acclimatized to high altitude during growth attained the same values of FVC as the highland natives, and lowland natives who acclimatized to high altitudes as adults had significantly lower FVC than highland natives. These observations suggest that the increased lung volume of high-altitude natives is the result of adaptative changes acquired during growth and development. Previous studies in experimental animals (2, 4, 6, 19) that demonstrated that the growing animals raised at high altitude exhibited an augmented proliferation of alveolar units and surface area, as well as increased lung volume and diffusing capacity, also support this hypothesis.
The studies that support the hypothesis that pulmonary adaptative responses to high altitude are determined by environmental and/or developmental factors (2, 4, 6, 10, 11, 19, 22 ) seem to argue against the presumptions that are in accord with the genetic hypothesis implication (3, 9, 16, 26, 33, 35) . It could be proposed, however, that the mechanisms responsible for the process of pulmonary adaptation to highaltitude environment may include both considerations. 1) Pulmonary gas-exchange functions, such as lung volume and diffusing capacity, may be more strongly influenced by environmental and developmental component. 2) Pulmonary vascular responsiveness, particularly an increased magnitude of HPV, may be primarily predisposed by genetic factors.
